The venturi tube is a special kind of pipe which has been widely applied in many fields. Cavitation is one of the most important research issues for the Venturi tube. Hence, three key structural parameters (contraction angle, diffusion angle and contraction ratio) were selected to investigate the influence of different factors on cavitation characteristics, using the computational fluid dynamics (CFD) method. A series of experiments for measuring the relationship between differential pressure and flow rate were carried out to verify the accuracy of the simulation method. Results showed that the simulation results had a high accuracy and the numerical method was feasible. The average vapor volume fraction of cross-section from the throat in the axial direction increased with increasing contraction angle. The cavity length increased with increasing contraction angle. The average volume fraction in the diffusion section rapidly decreased with increasing diffusion angle. The diffusion angle had no significant effect on the cavitation characteristics in the throat section and had a significant influence in the diffusion section. The average vapor volume fraction increased with decreasing contraction ratio. The contraction ratio had no significant effect on the cavity length under the same differential pressure. The average vapor volume fraction increased with decreasing contraction ratio. However, the variation in the throat section was less than the diffusion section. Under the same inlet and outlet pressure, the cavity lengths for different contraction ratios were basically the same, which indicated that the contraction ratio had no significant effect on the cavity length. investigated the effect of throat diameter on mass flow rate. Sun and Niu [8] studied the effect of the structural parameters (such as throat taper, throat contraction ratio, and throat length) on the hydraulic performance (such as outlet average velocity, minimum pressure, and critical pressure) and established a power function relationship between the outlet average velocity and differential pressure. Ashrafizadeh and Ghassemi [9] studied the effects of upstream and downstream pressures, as well as structural parameters, such as the throat diameter, throat length, and diffuser angle, on the mass flow rate and critical pressure ratio. Lu et al. [10] conducted a series of experiments to investigate the effect of geometry parameters (contraction angle, throat diameter, throat length and diffusion angle) on the conveying properties and on the pressure reduction effects in the flow of gas-solid mixtures through the Venturi tube. Manzano et al. [11] analyzed their influence of structural parameters on the velocity distribution. Zhang [1] investigated the influence of the contraction ratio, the ratio of the throat section length to diameter, the diffusion angle and the differential pressure between inlet and outlet on the mass flux and asymmetric flow.
Introduction
The venturi tube is a special kind of pipe which has been widely applied in pipeline flow measurement, internal combustion engine pressurization systems, natural gas transmission, industrial waste gas cleaning, and dust removal [1, 2] . Pak and Chang [3] developed a computational model for the interactive three-phase flow in a Venturi scrubber to estimate pressure drop and collection efficiency. Zhao et al. [4] installed a Venturi after the intercooler in order to improve a diesel engine's introduction ability to recirculate the exhaust gas. Wang et al. [5] developed a novel type of Venturi ejector reactor to overcome the insufficiency of chemical reaction in the stirred-tank reactor in a yellow phosphorus purification system. Quiroz-Pérez et al. [6] presented a theoretical analysis of the effect produced by Venturi devices in gas wells.
The effects of the structural parameters of the Venturi tube and differential pressure on velocity and pressure distribution, pressure drop, and mass flow rate have already been widely investigated. Ghassemi and Fasih [7] designed three small size Venturis with different throat diameters and cavitation in some other application fields, for instance, the Venturi is used as a chemical injector in irrigation systems and it is necessary to suck as much liquid as possible without generating cavitation at this point. However, few studies have been carried out to evaluate the influence of structural parameters on cavitation capacity. Therefore, the specific objectives of this research were to analyze the influence of key structural parameters on cavitation characteristics for the Venturi tube using the CFD method, and provide references for the engineering design and application. Figure 1 presents a structural diagram of the Venturi tube which consists of a contraction section, a throat section, and a diffusion section. The contraction ratio is defined as the ratio of the diameter of the throat section to the inlet diameter, which can be calculated using the following equation:
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where γ is contraction ratio, d is throat diameter (mm) and D in is inlet diameter (mm).
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where γ is contraction ratio, d is throat diameter (mm) and Din is inlet diameter (mm). Zhang [1] found that the throat length had no discernible effect on the hydraulic performance. Hence, three parameters, including contraction angle, diffusion angle, and contraction ratio, were selected, to investigate the influence of those parameters on cavitation characteristics. The method of single-factor analysis was adopted to conduct a contrast experiment in an item-by-item approach, and to research the influence of the three parameters on cavitation characteristics. Table 1 presents various structural parameters of the Venturi model for CFD analysis. Both the inlet and outlet diameters were 50 mm and the length of throat was 10 mm. 
Mesh generation
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where ρ m , u, p donate mixed medium density, velocity, and pressure, respectively. x and the subscripts i, j, k represent the coordinate direction. µ m is dynamic viscosity of the mixture. µ t is turbulent viscosity of the mixture. δ ij is the Kronecker delta.
For the cavitation simulation, the homogeneous cavitation model that was implemented in ANSYS CFX was carried out. The liquid-vapor mass transfer due to cavitation, governed by the vapor volume fraction transport, is expressed by the following equation:
where ρ v is the vapor density, α v is the vapor volume fraction, and v j is a velocity component in x j direction, R e and R c are the mass transfer rates correspond to the evaporation and condensation during the cavitation process respectively. In this study, the Rayleigh-Plesset model was applied and the Rayleigh-Plesset equation describing the growth of a gas bubble in a liquid is given by:
where R B is the bubble radius, p v is the pressure in the bubble (assumed to be the vapor pressure at the liquid temperature), p is the pressure in the liquid surrounding the bubbler, ρ l is the liquid density, α n is a nucleation site volume fraction, F is an empirical factor depend on condensation and vaporization designed for different rates. The re-normalisation group (RNG) k-ε turbulent model was chosen to solve the Reynolds-averaged Naviere Stokes (RANS) equations. A pressure inlet boundary condition was given by setting various inlet pressure values, a constant pressure outlet boundary condition was given at the outlet. The default intensity and autocompute length scale was applied for the inlet turbulence. No-slip boundary condition had been imposed on all solid surfaces. For near-wall treatment, a scalable wall function was applied in the CFD simulation [28] . High resolution was selected for the advection scheme and first order was selected for turbulence numerics for the solver setting. In order to obtain a high-accuracy simulation result, the root mean square (RMS) was selected for residual type and the residual target was set to 10 −5 for all equations. According to mass conservation, the mass flow rates of inlet and outlet were both checked to ensure they were equal.
Testing System
The relationship between differential pressure and flow rate for the original Venturi tube was measured to verify the accuracy of simulation results at the National Research Center of Pumps, Jiangsu University. Figure 4 is a structural diagram of the testing system, which mainly consisted of a pump with measuring and control devices. The experimental setup was comprised of steel piping and the nominal diameter of the pipe was 50 mm. A centrifugal pump with a flow rate of 40 m 3 h −1 and a lift head of 30 m delivered water to the testing system. The flow rate through the pipe was measured by an electromagnetic flowmeter with an accuracy of ±0.3%. Two pressure gauges with an accuracy of ±0.4% were installed at the upstream and downstream sections to monitor the differential pressure through the Venturi tube. Two gate valves were installed to adjust the differential pressure between the inlet and outlet sections of the Venturi tube.
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Conclusions
This paper presents research on the influence of three key structural parameters (contraction angle, diffusion angle and contraction ratio) on cavitation characteristics for a Venturi tube, using the CFD method. From the results of this study, the following conclusions can be drawn.
The average vapor volume fraction of the cross-section from the throat in the axial direction increased with increasing contraction angle. Under the same contraction angle, the average vapor 
The average vapor volume fraction of the cross-section from the throat in the axial direction increased with increasing contraction angle. Under the same contraction angle, the average vapor volume fraction increased first and then decreased with increasing distance from the beginning of the throat section. The cavitation area grew with increasing contraction angle. The emerging water vapor was clear at the beginning of the throat section and the cavitation mainly occurred near the wall of the throat and the diffusion section.
The average volume fraction in the diffusion section rapidly decreased with increasing diffusion angle. The diffusion angle had no significant effect on the cavitation characteristics in the throat section and had a significant influence on the diffusion section. The cavity length decreased with increasing diffusion angle, and there was only a very thin water vapor layer found along the wall of the throat section when the diffusion angle increased to 30 • .
The average vapor volume fraction increased with decreasing contraction ratio. The contraction ratio had no significant influence on the cavity length under the same differential pressure. The average vapor volume fraction in the throat section varied less than the diffusion section with changes in the contraction ratio.
